INTRODUCTION
The advance of micro-optical-electro-mechanical-systems (MOEMS) in the field of Microfluidics has opened a wide field of possibilities to improve the sensivity and selectivity of analytical devices. Improvements in overall analytical performance can be achieved by minimizing the scale on which the analysis is performed. The reduction in the size of the analytical device has other advantages including fast analysis, less sample amount, and smaller size. Also, the possibility to integrate different type of sensors, CMOS circuits, micromechanical and microfluidic components in the same manufacturing cycle, reduce the cost of the final device. These strategies have been developed into the concept of Micro Total (bio-chemical) Analysis Systems (µTAS) also called Lab-on-a-chip devices [1] [2] [3] . The rapid development of these microfluidic devices has generated a great interest of the Biotechnology community. Using the power of Silicon IC¥s microfabrication and novel MOEMS technologies [2, 4] , microfluidic devices for bioanalytical applications have been developed [3] . Researchers have been able to create microfluidic structures that offer the prospects of precision fluid delivery to targeted locations via controllable flow paths. Based on these principles and technologies Bio-MOEMS devices such as capillary electrophoresis, DNA amplification (PCR), bio-chemical analysis systems, microfluidic drug delivery devices, among others [2, 3] , have been developed. All these Microsystems require the use of microfluidic channels for liquid or gas delivery, bio-chemical reactions etc. Precise manipulation of fluid flow through these microchannels is a key step in the analytical performance of these devices [5] . The characteristic length scales that govern the energy and momentum transfer between microfluidic channels and their environments are typically of the order of microns. It is expected that the fluid flow phenomena in microchannels are somewhat different from the conventional theory applied to microchannels. A previous modelization of the liquid flow through such microdevices will be critical for the final performance of any Biochip device [5] .
Based on the literature survey it seems that only a few papers deal with liquid flow in microchannels [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] with different results :
• Wilding et al. (1994) observed increase in pressure drop above theoretical predictions at the high flow rates in straight glass-capped silicon microchannels. They attributed it to inertial losses and entrance length effects which are not included in the theory.
• Peng et al. (1995) , Peng and Peterson (1996) , and Xu et al. (1999) observed increase/decrease of friction factor/pressure gradient compared to conventional theory. They attributed this to an early onset of laminar-toturbulent flow transition. They found geometric dependence on flow friction factor for different hydraulic diameters and aspect-ratios.
• Pfhaler et al (1990, 1991) The microchannels used in the above studies were manufactured with different materials and fabrication methods: (i) traditional machining of stainless steel and aluminium process [7, 8, 11] (ii) Silicon and Pyrex bulk and surface micromachining process [5, 6, 10, 12, 14] or (iii) polymer micromoulding technologies (16, 17) . The size (1-500 micron wide, 1-100 microns depth), geometries (circular, trapezoidal, rectangular, square), and surface roughness (from 1 to 5%) were different. These studies were performed under different flow conditions and experimental set-up. In addition, different macro/microfluidic connections were used. It should be noted that the materials and fabrication process used in above experiments were not designed for BioMOEMS applications. Also, they are not fabricated by CMOS compatible process, which make difficult the future integration of this type of technologies with microelectronics devices in a single chip. However, the microchannels tested in our study were fabricated by a novel CMOS compatible fabrication processes that will allow the integration of different technologies onto a single substrate [19] [20] [21] . Another important hurdle that still needs to be performed in microfluidic studies is the connection and packaging between the microfluidic components, and the macro-environment. This task is difficult because liquid samples and reagents are typically transferred in quantities of microliters to milliliters (or even liters) whereas microfluidic devices consume only nanoliters (nL) or picoliters of samples due to the size of reaction chambers and channels. This challenge is often ignored in research laboratories, because skilled personnel operate the device and the mismatch between macroand micro-environments can be avoided. However, it must be addressed prior to commercial success of any microfluidic device. For these reasons the macro-micro interface of the devices must be included in the microfluidic characterization studies. Standardizing interfaces for microfluidic devices to accept macro-samples is important to the future of the field as well as to the commercial success of the technology [22] [23] [24] . Though there a number of groups attempting to standardize interconnects and microfluidic devices in general [24] , their effectiveness has yet to be truly assets or seen industry-wide, and it will be years before it can be truly measured. We do think an acceptable, agreeable standard interface should exist for each type of application, though it is probably not applicable to all microfluidic devices. Based on the foregoing discussion, it is necessary to further study the flow phenomena and the macro-micro interfaces during the development of a new technology. This paper presents the fabrication and flow characterization of novel CMOS compatible microfluidic devices specially designed for BioMOEMS applications. In addition, different packages for macro-microfluidic interfaces are presented. A flow characterization including this important task has not been reported before in microfluidic characterization studies.
MICROCHANNEL FABRICATION
The novel micro-fabrication technique developed for the fabrication of the microfluidic devices is based on an adhesive bonding process and releasing steps of two photolithographic patterned SU-8 polymeric resist layers on separate wafers . This technology is described in detail elsewhere [19] [20] [21] . Firstly, two wafers were spin coated with SU-8 photoresist. The bottom wafer could be silicon, silicon processed or a Pyrex wafer and the top one is a Pyrex wafer or a Kapton film glued onto a Pyrex wafer. After spin coating, a dry step (soft bake) was done at 90 C in a progressive ramp .The UV exposure was conducted on a Karl Suss MA6/BA6 aligner. The intensity of this aligner was 10 mW/cm 2 at 365 nm. The wafers were exposed for 30-35 seconds depending on the thickness of the layer. The post exposure baking was also performed in a ramp way at 90 C for a period of time determined by the thickness of the material. Finally, the wafers were developed in propylene glycol methyl ether acetate (PGMEA) during three minutes. For the silicon wafer, development was performed by immersion with slight agitation. In the case of the SU8 layer on Kapton remains undeveloped.after finishing the bonding process. Once the 2-D SU-8 layers have been generated by the photolithography processes, the patterned wafers were bonded together to form 3-D microchannel networks between both wafers. Subsequently, the alignment is carried out (the 150 µm thickness of the film guarantees enough transparency to see through the Kapton-Pyrex stack the undeveloped microstructures). The wafer-level bonding protocol have been established using a commercial bond equipment, a Karl Suss SB6 Bonder. Firstly, the wafers were loaded into the bond chamber. The chamber was evacuated to 10 -3 mbar. Prior to contact, two heaters (bottom and top) started to heat uniformly the wafers at a temperature of 90 C for three minutes, to enable solvent evaporation and prevent any void formation. Afterwards, the wafers were brought into contact and the two heaters heat the wafers at a temperature of 100-110 C, and applying a pressure of 300 KPa for 30 minutes. After the bonding process the SU8 stack is detached from the Kapton film and developed, and is ready for starting a new cycle . A schematic of the whole process is shown in Figure 1 . 
MICROFLUIDIC PACKAGING
We have developed two types of macro-microfluidic packages for connecting the microfluidic systems to the outside. The systems are designed for BioMOEMS applications and should integrate in the future microfluidic, CMOS and Integrated Optical (IO) devices. An integrated interconnects approach and a modular interface between the chip and the macro-scale connections were tested.
Integrated lateral connections
In order to fabricate low cost and robust integrated macro-microfluidic connections a time-pressure dispensing process [24] has been used. The dispensing process is based on surface mount technology (SMT) widely used in electronics assembly industry, in which to secure a component to a board, a minute volume of surface mount adhesive (SMA) is required to be delivered between pads with a typical distance of 500 µm. Due to the nature of the SU-8 photolithographic-bonding multilayer process, lateral inlets and outlets can be realized to be connected to the outside world. These microchannels were connected laterally using standard tubing (see Figure 2) . The external tubing was glued to the lateral connections by dispensing a SMA. We were used a glue epoxy (Loctite 3609). The bond strength of the glue was 30 MPa. We were make use of standard SMT equipment (Dr. Tresky 3002) to align the chip and dispense, in a precisely controlled manner, the fluid epoxy to seal the standard tubing to the microchannel ports.
Using the lateral approach we have obtained a maximum field of view of the microfluidic network. A schematic of a macro-microfluidic packaging is showed in Figure 3 . 
Modular connections
Recently, research groups have used interfaces between a chip and the macro-scale tools which can be achieved by using a separate module [26, 27, 28] . By this way, several interconnections, including the optical, electrical and microfluidic parts can be integrated in a single package. These modular interfaces are, for the most part, independent of the material the device is fabricated. The macro-tools can include capillaries, tubes, syringes, optical fibers and electrical connections. These tools may be connected to the chip through a large housing that can be treated as a module. This arrangement is typically applied to devices with a small distance between ports and for high throughput analysis, such as DNA analysis [27] . In our approach we have the advantage that the input and the output of the microchannels will be kept in contact with the outside world by using the SU8 Kapton releasing step (see Figure 1) External tube Epoxy etching steps of the cover, radically simplifying the packaging. Hence, a plastic capsule with external flexible tubes and an O-ring (one mm internal diameter, two mm outside diameter) per reservoir are enough to insert liquids into channels as can be seen in Figure 4 . All the pieces of the packaging are aligned and held together by screws without adhesive, allowing an easy replacement of the devices.
Figure 4.
On the left, there is a schematic of the macro-microfluidic packaging where the O-rings (there is one per reservoir) are put around the inlets and the outlets avoiding liquid leakage when it is inserted in the channel across the external flexible tube. A Teflon or PMMA top capsule is screwed to the bottom platform board to seal the system. On the right, it is shown a schematic of the packaging prototyping.
CHARACTERIZATION OF FLUID FLOW
The experimental set-up for the flow characterization was analogous to other microfluidic characterization studies [6, 10, 11] . Precision syringes and a pressure driven system were used to delivery the liquid to the microfluidic chip. The pressure driven system used compressed air to drive the fluid through the system. The air pressure was regulated by a pressure-time dispensing regulator (EFD Ultra 1400 Series). The two types of different macro-microfluidic connections were checked. Deionized (DI) water was used as the working fluid. The experiments were conducted at 21 ∫C in a cleanroom environment. A pressure differential transductor (Valydine DP44, Valydine USA) was used to measure the pressure drop between the microchannel inlet and outlet. Mass flow meters were connected to the outlet for flow rates measurements. Two types of mass flow sensors (based on MEMS technology) specific for low flow rate applications were used. From 100 nL/min to 6000 nL/min a Sensirion SLG-1430-150 was used. Liquid flow rates above 10000 nL/min were measured with a Sensirion ASL-1430-16. These flow rates were compared with the ones measured by collecting the liquid from the outlet tube in a specified time interval. The difference between the two flow rates was found less than ± 1%. For the steady state flow measurements, the pressure-driven system was chosen. This pressure-driven system was the fast one to reach the steady state. The pressure injection systems were set to maintain a constant pressure drop across the microchannel, and the flow rate at the outlet of the microchannel was measured. A steady state was reached when the readings of the pressure drop did not change for at least 5 minutes. Also, the high precision liquid mass flow meters allow us measure the flow response of the systems to switching pressures. This is an important step in order to perform kinetic and diffusion flow studies during the same measurement [27] . The measurements were analyzed and compared with classical flow theory. The parameters used in the study are listed below:
• the hydraulic diameter (D h ), defined as four times the cross-sectional area divided by the wetted perimeter.
• the Reynolds number (R e ) is defined as 
EXPERIMENTAL RESULTS AND DISCUSSION

Fabrication and packaging
Rectangular embedded microchannels have been fabricated using the photolithographic-bonding process. For the flow characterization experiments, 1 cm length and 18 µm height channels were manufactured. The width ranged from 50 µm to 150 µm. These geometries yield D h from 28 to 35 µm. Fig. 5 shows low vacuum scanning-electron-micrographs (SEM) of the microchannels cross-sections. Smooth and uniform rectangular embedded microchannels have been successfully fabricated. It can be observed that the process let the dicing of the devices without detachment or partial deformation of them, allowing us accurately measured channel sizes and geometries by using confocal microscopy and SEM techniques [19] . The errors originated from measurement of channel size and geometries can be ignored [18] . It was not well documented the microchannel dimensions presented in other microfluidic studies [6, 7] . The pressure drop in a microchannel is inversely proportional to fourth power of the D h of the channel, so an inaccuracy of 5% in measuring D h can bias flow resistance results by 20%, enough to explain the majority of the discrepancies between the conventional macroscopic flow resistance predictions and the observed values [10, 18] . To connect these microchannels to the outside, the integrated and the modular approaches were tested. Figure 6 shows the lateral connection of the devices using the thermal epoxy. It is shown the external tubing sealed by the epoxy. These lateral connections can withstand pressure drop up to 2000 kPa without any liquid leakage. Work is carried on in order to improve this technology. Our goals point at to dead volumes reduction. The flow characterization studies were performed using this packaging technology. For the modular connections ( Figure 7 ) the packaging can withstand pressure drops up to 500 kPa without any liquid leakage. This system let an easy replacement (plug and play) of the external connections. Further work is on going to increase the range of working pressures using new designs and high precision components, such as planar o-rings and special external tubing. 
Pressure drop and flow rate
The experiments were conducted with various working pressures, which yield Re up to 20 for microchannels with a hydraulic diameter of about 30 µm. To make a more accurate measurement, the inlet and outlet pressure losses were deducted before the friction factor calculation. The present pressure drop (P) should be the pressure drop of the DI water through a microchannel of length 1 cm without inlet and outlet losses. The pressure drop across the external system (tubing) was calculated to be less than 1% of the total pressure drop through the microchannel. In Figure 8 and 9, the flow rate measurements for 50 and 150 µm width microchannels are plotted as a function of pressure drop. The result exhibit a linear behavior which is in excellent agreement with the traditional conventional theory where flow rate is proportional to pressure drop. However, the relationship seems to deviate when pressure drop increases. These trends are similar to those obtained in other studies [6, 10, 18] We have attributed this trend to inertial losses and entrance length effects that are not included in the theory. The friction factors obtained were plotted against R e as shown in Figure 10 and 11. The data exhibits a linear behavior with R e indicating the existence of a laminar flow pattern. The power dependence on Re were obtained. Namely, the slope of the distribution. These results give a nearly minus one slope (-1.04 for 50 µm width channel and -0,96 for 150 Switching pressure experiments using the pressure driven-system were conducted to check the system flow response. Low working pressures were used to control very slow flows. Figure 12 shows an example of flow control using this approach in a 150 µm width and 18 µm height microchannel. microchannels is around 30 minutes [18] . Other groups work with high complex and expensive set-ups to reach similar flow control results. Further work will be performed in our labs to control flows at different working pressures and channel sizes.
CONCLUSIONS
A novel polymeric CMOS compatible microfludic technology for BioMOEMS applications has been studied. Two types of packaging technologies have been presented in order to connect our microfluidic devices to the outside. A novel integrated macro-microfluidic approach was developed. This integrated approach can withstand pressure drops up to 2 MPa without any liquid leakage. Also, a modular approach was developed which can withstand pressure drops up to 500 MPa. The modular approach allows an easy replacement of the external connections. And could allow plug and play macro-microfluidic connections for different applications. Flow experiments were conducted in the laminar flow regime in order to study the flow behavior through these novel microchannel networks. While the results conform to macro-scale laws, it is still an important result. It provides a basis from which future work can be undertaken in order to precisely predict where the result moves away from that which can be accurately measured using conventional macro scale laws. In addition, accurate flow control at low working pressures was demostrated. Fast flow response to switching pressures has been obtained using a pressure-driven system. These microfluidic and packaging technologies has a wide range of possibilities due to the high quality of the microfluidic networks and the robustness of the final packaged Microsystems. These technologies will allow the integration and packaging of complex microfluidic systems with different BioMOEMS and CMOS devices. Further investigation is been performed in order to integrate this microfluidic technology with different biosensor micro and nanodevices.
